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Umque propertles of CDM halos
* dN/dM,,

vir

* central dehS|ty cusp: p(r)~r-°' a~ 1 1 5

» mass-densﬂy relatlon reflectlng zco,,apse ;‘_

(Na\)arro et al: 1997, 2004)

Via Lactea 2” simulation
(Diemand et al. 2008)




Late type gaIaX|es mass from gas

- Rotation curve (circular velocity):
N V(r)=Vra, =V GM(<r)Ir
.. Keplerian: v(r) ~r-12
"\ Spiral halos: v,(r) ~ const
= M(<r) «.r : dark matter!
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21cm HI spin- fl/p trans:tlon




Disk/halo degeneracy

L" spirals

HI rotation curve:
VC(I’) eVl
constant at large r
(Persic et al. 1996)

Rot. velocity (km/s)
(4]
S

But shape of
inner halo profile
dependent on disk M/L

Rot. velocity (km/s)
£n
S

Radius (kpe)




DM puzzles from late-type

Gilmore et al. (2007)

r (kpe)

Tegmark et al. (2004)
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» LSBs: cusps not seen
* L* galaxies: low DM density
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DM probes in early-type galaxies

« kinematics
— resolved stars (TMT!)

— integrated stellar light ideal probes
— planetary nebulae (PNe)

— gIobUIar clusters (GCs)
X-ray emission

gas disks & rings (HI & Ha) selection
~ effects

strong gravitational lensing
weak gravitational lensing
satellite dynamics

statistical
only




DM in early-types: weak+strong lensing
22 bright E/SOs at z ~ 0.2 (SLACS: Gavazzi et al. 2007)

10000 T T 11T T T 11T T T TTT]I
l stars deVauec.

DM NFW
Total (with rms) s

[ 1 1111
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SDSS J0252+0039
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Radius [Mpc/h]
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Klnematlcal tracers In early type gaIaX|es
. field stars'(ﬂﬁégrated l/ght) :

. planetary nebulae

«_globular I,usteg,m <




Theory testing

» Data E.g. kinematics
= fit (parametrized) models = mass, orbit profiles
=> compare to theory = compare ACDM

Questions about model assumptions: geometry,
equilibrium, uniqueness, oversimplification. ..

* Theory E.g. simulated galaxies
= “observe” (parametrized) = luminosity, velocity profiles
=> compare to data = compare to data

Need large data sample + suitable parameters

IHTGIROOTIC1dU NS

E




Kinematics — Dynamics — Mass

Distribution Function (6-D position-velocity phase space)

/ &Ixd*v f(x,v,1) =1 separate for subpopulations (metallicity, age...)

v(x) = f d’vf(x,v) spatial density - ( o

j_i — ()  incompressible fluid (collisionless)
af N y of of - Boltzmann equation:

5 TV ox Vo - gy 0 connect to grav. potential

0
4
.04

Jeans theorem: DF described by “integrals
of motion” I; : conserved quantities along orbit
(spherical: energy, angular momentum)

(1) v(1)] = 0 osos |

(E. Emsellem)——m——]




Dynamical modellng approaches

* Projected mass estimators

small # discrete velocities; based on Virial Theorem W =-2K
» Jeans equations

moments of DF; assume equilibrium
 Direct DF construction

numerical superposition of DF basis functions

* Orbit models (“Schwarzschild’s method”)

numerical superposition of stationary orbits
* Particle models (“made-to-measure’)
numerical superposition of evolving orbits




Dynamical modeling challenges

* Unbiased tracers of DF for space + velocity \
\
\

» Information loss in projection: \\\\

N

* konus (luminosity) degeneracy D
(Rybicki 1987; Gerhard & Binney 1996;’ —

f/ Y ;ﬂ—-
Kochanek & Rybicki 1996; Romanowsky & Kochanek 1997) ?/// “\\\\{S
4 /71 I\
— o

* mass-anisotropy degeneracy
* In spherical system, _ | - —=. jecte isophotes

complete info on _
projected DF f(R,,v,)
in known ®(r)
determines true DF

 Constraining ® + DF
unclear

Dejongne & IMerritt 11992

E




Mass-anisotropy degeneracy

« Radial orbits » Tangential orbits

 at large R, .  at large R,

most of the - much of the
motion .in motion in

plane of sky line of sight

* lowered v |
velocity higher velocity

dispersion + dispersion

» peaked velocity * flat velocity
distributions distributions




Jeans equations

8]” af
6_X - Ve ov

= 0 take moments of Boltzmann eqn
(Jeans 1919)

_ dlny + dlno; +283 spherical non-rotating
dlnr = dlnr Jeans egn

v . tracer density
o, . radial velocity dispersion
p(r) =1 - o04%/ o?: velocity dispersion anisotropy

> (0 . radial .
P B : _ .ada : * physical DF not guaranteed
p=0. ’SOtmp’? . v, 0, B often parameterized
p<0: tangentlal » higher-order moments tricky

i cr — / dr’ ,1/ solve for known p(r)

sRrojecClor-to
d?“ oo orvanle
\/T‘ I -”'-'-* '_..."




Breaking the mass-anisotropy degenerac
\[’m

vy )e” V2 H) (i) do,,
p

hg —

5 — 9

> urtoars Gauss-Hermite moments w = (v, —0p)/0p

D |
h, , kK, measure shape radial |
of line- -of-sight velocity orbits
distribution (LOSVD)

h,, x,= 0 : Gaussian; . /  circular

orbits

/sotrop/c orbits

hy, k, > 0 : "peaked’;
radial orbits
hy, Kk, <0 : *flat-topped”;

.alfgeritial orois

Eﬂ_ _El der Marel & Franx (1993)




Higher-order Jeans equations

Assume f(E, L) =f0 (E)L'Zﬁ (Lokas 2002; Napolitano et al. 2009a)
— [ constant

d 23 , dP
. (z/<“vf>) + 71/< > + 31/0?,,% = ()

g <Uf> = 3r— % /OO "o’ d—(bdr solution

¥ rd?"
2 oo R*  B(1+p5)R!
ll_zﬁ g+ﬁ + ) ] !
r \/fr*

dr projection

If o(r) const (isothermal),
simple expression relating
Kurtosis,.anisotropy, luminosity:




IR (Ca II triplet)

Integrated Ilght stellar kinematics—————

(van der Marel 1994) [re 1

R=0.00"

R=0.34"

R=1.00"

a . R=2.01"

T TTTITT ) 11

R=3.56"

|
EITT 02—

-

R=6.23"

y (arcsec)

R=10.48"

R=18.93"

(De Lorenzi et al. 2008)

]l_ _h_ ~_| :D

template

i e
¥ (arcsec)

currently viable to ~2 R , |

&f‘) >ILUdld ro0SS-correiale l ’
1 |l

emplate and ooject. specira PO, 1| T Y
. " 8450 8550 8650 8750
0, N;as 1unction Or raqilS SR . X (4)




Integral field spectroscopy

1 False colour: mean velocity
1 Contours: surface brightness

currently viable to ~ 1. R ¢

(de Zeeuw et al. 2002




Case study: Jeans eqns + stellar kinematics

-19 -20 -21 -22 -2

335 nearby early-type galaxies observed by
Prugniel & Simien (1996) - (Tortora et al. 2009)

Observables: surface brightness profile /(R),
aperture velocity dispersion g,,(R)

Assume mass profile p(r)~ r-2, solve Jeans
equations to solve for dynamical mass < R

log YgtRes) [Yol

H

Model spectral energy distribution UBVRI using
stellar populations model (Bruzual & Charlot
2003) with star formation history e*

Adopt Kroupa IMF, calculate stellar mass

Subtract stellar mass from dynamical mass to
get dark mass...

M/L g, ~ L9421, M/L. ~ L9
— most of Fundamental Plane “tilt” driven by DM!




Central dark matter fractions (cont'd)
— : fow=1-Ys/ Yy,

fom Increases with luminosity, no clear
dependence on galaxy sub-type

(cf. Cappellari et al. 20006)

Moia'M, (Res)

T+09 “data”

98 10 102 104 106
log La [Lg]

central DM density roughly follows
ACDM expectations, modulo uncertain g 7|

concentrations and virial masses

g <gom 2Rk




Mgo/Le Mo/Lo)y,

Globa

. van Eden Bosch]etéal.) |

| dark matter fractions

Virial M/L can be‘rephrased- as
star formation efficiency &g = M./ (f, M,;,),

U-shaped curve observed:

« “directly” with weak-lensing,

* indirectly by correlating dN/dL
with theoretical DM 'halo dN/dM

9 10
log,y L./Lg
T 17 T

0.1

(Mandelbalm et al. 2006

Esg maximum near L™:
¢ | lower mass galaxies can’t
a hold gas .
 higher mass galaxies can't
cool gas

S B s | —

)
early-type ' . (Dekel & Silk 1986; Cattaneo et al. 2006)

“Jate-type i ]




Linking dark matter and star formation

redshift
0.5 1 2 3510 (Tortora et al. 2008 — Napolitano et al. 2009b)

1

fou INearly-types decreases
with stellar age

Mass assembly histories would
predict opposite trend
(more DM than stars
accreted at later times)

— Egp decreases with time
— "DM upsizing”




Orbit models (spherical, axisymmetric-3l, triaxial)

(Schwarzschild 1979; Richstone & Tremaine 1984; Rix et al. 1997; van der Marel et al. 1998;
Romanowsky & Kochanek 1999, 2001; Cretton & van den Bosch,1999; Gebhardt et al. 2000;

Cappellari et al. 2002, 2006; Verolme et al. 2002; Copin et al. 2004; Valluri et al. 2004; Krajnovic et al.
2005; Thomas et al. 2005; van de Ven et al. 2006; Chanamé et al. 2008; van den Bosch et al. 2008; etc.)

= T _I‘\III|\III|I\II1I\\7
4 SE . Observations : Surface brightness & VPs

y

Luminous mass distribution

\

Superposition Potential - density Option : Add
of orbits Mass model Dark Component

y

150 Orbit library

I NEERE EREEE RN RS
1 0.0 0.5 1.0 1.5

PTL /Loun=0.87 :
\

p ro-/ eCt to VP of each orbit
Observable S including Convolution & Pixel binning

‘ 2
Vit = Z Wi <Kik>t,9,¢
. k

PNYSICali E( Y
| UGS DF (rier 2
jher-order L easy




Model fits to data

Minimize goodness-of-fit:

" — !
ANTE

1

68% one-parameter
confidence interval.:

Ay? =1

Ndof = Ndata - N <02

param

Regularization:

fw)= 34>+ AS

e.g. maximum entropy:

S =) wilnwy
k

2

wp(R) (arcsec?)

100 pe 1 kpe 10 kpe

| M87 stellar data

———

(Romanow@?& chanek 2001)
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‘Model accuracy

© Comparing M/L to 3-|

{ axisymmetric orbit models
| (Cappellari et al. 2006)

1« Virial estimator
1 1+ M. < R0/ (GL)
et 1 good to 11%

0.2 (.4 0.6 0.2 0.4 0.6 0.8

log (M/L),,; log (M/L)y..n. . Jeans mOdeIS good to 6%

model fit
.




orblt models + stellar klnematlcs
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3l axisymmetric models of 19
early-types in Coma cluster

Similar results to Gerhard L L AR S SR LM AL

(Thomas et al. 2007, 2008) lee)

et al. (2001) T >

DM halos of early-types follow Y S aa f + @
common scaling laws, e < _
~10x denser than spirals

— higher ZcoIIapse (

" hs Epirétlﬁdata_____.f_;
2 vs:~1) gt
Halo densities ~2x hlgher than

simulated R simulated
cluster ellipticals field spirals

-,C'-"wj_u: -':wif'!\' g b by bt by b s la g
pirals*=2x jower than Sims ‘ '




The future of stellar kinematics

Existence and properties of DM halos still at low statistical significance

Need 2-D coverage to » R

(Statler & Smecker-Hane 1999)
NGC 383789

Velocity Dispersion

NGC 3379

Mean Velocity

100 120 140 160 180 200
km /s

and homogeneity

1e%ieldJEU or newstechnques




2-D stellar kinematics with Keck

Use leftover slit light from DEIMOS GC spectra
to probe galaxy kinematics to ~3 R+ (poor person’s IFU)

Proctor et al. (2009)

Radius (Rg)




Globular clusters as halo mass tracers

’

GCs: ~108 stars S s e V187

T T T T1T71] T— T T 11T T T T 1117}

(Huchra & Brodie 1987)
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+]$§+ Globular clusters in NGC 1399

D=19 Mpc, Mg=-21.1
Fornax central E1

VLT+FORS2/MXU,
Gemini-S+GMOS:
656 velocities

to 80 kpc
(largest data set in

any galaxy)
Av = 20-100 km/s

I- ’ C ww-w..} F.|-°’.. : Ly e .h: .". '.. | 1
._- jgial W) ARA (arcmin)

}

1n

ADec (arem
o




SAGES Legacy Unifying
Globulars and GaIaX|es Survey

.
* NSF funded (2008-2010)
* 25 representative early-ty )%

imaging +epectroscopy)

SLUGGS




Extragalactic GC spectra for kinematics

3 | T T T T

i i

-

Fe52

Wi
\‘ Mﬂ* j

i
(N M Mgb

A

Hp

Normalized flux + offset

M31-B19 (Perrett et al. 2002) . '
| I 1 | I

4250 4500 4750 5000 5250 5500 | Nele 1|407 (quanowsky et a| 2009) .
Wa‘pelen gth (Angstroms) 1 | | 1 | | 1 1 1 1 1 | 1 1 | 1 | 1 1 1
8450 8500 8550 8600 8650 8700

Typical wavelength range 4800-5400 A Wavelene (4

(Keck/LRIS, VLT/FORS?2 NIR Ca Il triplet: highly efficient
’ ’ - with Keck/DEIMOS




GC dynamlcs in NGC 1407

40 R, [kPE] 80
| ' ' ' | ' |

E1, Mg=-21.0,
Group central
galaxy (GCG),
D =21 Mpc

172 GC velocities
from LRIS, DEIMOS
to 60 kpc (10 R )

(Cenarro et al. 2007;
Romanowsky et al. 2009)

+ ~150 new velocities
to be analyzed...

R, [arcmin]




GC dynamics of group-central Es

- - - 1 - T 800

b~

— -
e L e s s B T

N AT
\/,ﬁ,f ~

v (r) Ecm/s]
8

Circular velocities A

L L L L L L L L L L L L I I L L L L

20 40 60 : 1.5 2 2.5 3
R, [kpe] log,o(r) [kpe]

Fairly flat dispersions out to very large radii imply
HereasinosGitcuiamelosiicssancasioupaseales DI halos

Velocity dispersions

[SaOn
WSKY &rocnanek 20u1,; Lote et al.iz005, schuberth et al. 20Ub;7bergond et al |
Woodley et al“2007; Richtler et al:2008; Hwang et al. 2008; Romanowsky et.al.2009) |

S il - - - - ey . 1-3&‘-1.'-. e




Modeling discrete velocities
Binning (in' R,v) loses information
Likelihood fcn

< df
Li(v;, B;|w) o f —

—oo dvy,
Y:=-2InL

(Vp R;)e~(wimwe) /&) g,

I

fl::} obis only vl

B 55is (i,4,)
- i L] 55is (pymty,v,)

~1000 velocities F g ® 90is (u,u,v,)

needed to break
mass-anisotropy
degeneracy in
axisymmetric
CONSEMV/LESYSIEM

o




Orbit modellng W|th dlscrete velocities

LIS B

R= 2'7—75 76"'—113" 115 158

A 1 IS P S S N 2 506 BN LV SN VW AN A AN VI T O 0 W V25Vl S T 0 Y 5 S SN WA S SN
—-1000 -500 0 500 1000 —-1000 -500 0 500 1000

v (km s71)
Schwarzschild orbit model fit of

stellar + GC kinematics in M87
(Romanowsky & Kochanek 2001)

Unbinned LOSVD fitting, shown in radial bins:

R ITOUCT

@m‘:ﬂ TOTTI dted

q loEm(r) (kpe) )
| ) ! |

radial

isotropie

tangential

]
2

log,,(r) (arcsec)

GCS roughly isotropic overall,
possibly tangential toward center




More breaks in the mass-anisotropy degenerac
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Stars or GCs alone do not rule out p(r)~ r?
but used jointly they.dc

='multipletindepenaentimass tracers!
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Metal-poor and metal-rich

GC subsystems require
onsistent solution
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Dynamlcal unlformlty of tracers

0.25 —_— 0.6

N1407 N M84 N '§N4636 5 N1399

_.,‘ |
»'_s 5

e

'...l....'....J'.-'....'\'
-b600 500
(v,~V,,) [km/s] o~Vay) [kM/8] (v,-v,,) [km/s]

g -
5 ;\
el UM
1
i
)
i

-600 600 1000 -1000 -600 ] 6500 1000 —800 -400 —200 ] 200 400 800 -800 -400 -200 0 200
(v,=v,,) [km/s] (v,~V,,) [km/s] (v,~V,,) [km/s] (v,~v,,.) [km/s]

e Bright GCs show flat-tops / doub/e-peaks in a/most all cases! (S|gn|f|cant in ~3 cases)




Mass in early-types: X-ray gas
k' Tx(r) (d In ngy d In TX>

pritey

d In r d In r

- & oquation of hydrostatic equilibrium:

LONNL I I B SR L B M | L B L

| Toos s Conslant (/deaJl) gas pressure balances gravity

gas

MuaLo ~ '

cAse2 ny: gas density

Ty gas temperature
_ (~107 K, 1 keV)
casezc ] '(Fabricant et al. 1980)

HALO ~n T
as r — ®

? thermalized hot gas fills halo

1 potential well and emits X-rays
M87 (Fabricant et al. 1980) -

P U S N TR WO N WY [NUNY TN WO TN SN NN WS N SN M NN NN N

20 30 40 50
arcmin
|

1
100 200
kpc




Mass cross-checks: GCs + X-rays in NGC 1407

Chandra/ACIS-S3, (Romanowsky et al. 2009;
49 ksec Johnson et al. 2009)

<

Deproject temperature
in coarse radial bins,
density in fine bins )
’ = __'.. r.
Model unresolved o .ﬂ, \ c;'?\uf_J -
point-sources as , Had

power-law component Huomphrey et al. (2006)

Radius (kpc)
3

10 20 30

Hydrostatic Je e
equilibrium equation: ey '

kTBTx(T)

HiTp

x(d lnp+dln TX)

0.1
1.5

0.03

1:2

2 (r) = -

Temperature (keV)

06 07 08 09 1

Pgas (M)
0.001 0.003 0.01

dln r dIn r

2e-04

| | R e L LV B | 1

10 20 30 100 200 20 30 100 200
Radius (arcsec) Radius (arcsec)




NGC 1407 mass profile: X-rays vs GCs

R |k
GC kinematics 1 5.0 - "-[ F-'C]- I?U

from DEIMOS, - § radial 1
X-ray mass % '
from Chandra

discrepant at 2 o
(cf. high-c;,, low Y.
found by Humphrey
et al. 2006)

What ,B(r) for GCs dynamics
. -0.5

required for

consistency?

tangential -

10 15 20
r [arcmin]




Cross-check: X-rays & dynamics in M87

Orbit modeling 0 os logor ; [kpe] 15
of stars + 234 GCs with I L & A

non-parametric 3(r) i Chandra
(Cohen & Ryzhov 1997; 800
Romanowsky & Kochanek 2001;
Wu & Tremaine 2006)

(Matsushita et al. 2002)

= good agreement
except inside 2 kpc

Chandra: unphysical mass
wiggles from shocks(?) but **°|

broad agreement
(Churazoy.e

I 1 1 1
0 0.5
log,, r [arcmin]




I\/Iore X- ray/GC Cross Checks

Radius (kpc)
10 20 30 LI B B N L

1 ITIIITII

1 ITTITIII

0.001 0.002

© general model

NGC 4636 © o Celemionel |

| i lIOO 200 300 500 - 20 30 100 300
. Radius (arcsec) ; (JOhnSOn et al. 2009) Radlus (arcseC)

MGO | (Brldges el ZOl
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|
1

= T T | T T T T

100 =00
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X-ray masses of gaIaX|es/groups

Chandra study implies | !
extensive DM halos
(Humphrey et al. 2006)

“shoulders” seen in mass
profiles (e.g. Zhang et al. 2007)
— lack of hydrostatic
equilibrium?

ACDM halo fits to X-ray
data require:

* low stellar M/L and

* high halo concentrations
(indirect inconsistency)

. 20
A few dynamics cross-checks:

fﬁw’w pressure :u.z,w!‘ ’ Mﬁ M_ﬁaﬂﬂ 'Llrm ,sziU 23




Extragalactic planetary nebulae

dying stars casting off outer layers of lonized gas
10% of the energy comes outiat:500.7-nm “forbidden™ O** line
(“nebulium”: Huggins & [\/Iil_leri '864;|3P-1 D transition)

| PN G251.2400.7

|
e
|
oo
7
=
]
20
SR
b
=
o

Wavelength | A ]




Planetary
nebula

(Douglas & Taylor 1999)




Counter-dispersed imaging

| central
Planetary wavelength
nebula 5007A




Counter-dispersed imaging

Planetary Narrow band .
nebula [O II1] filter




Counter-dispersed imaging




Counter-dispersed imaging

Planetary Narrow band .
nebula [O II1] filter




Counter-dispersed imaging

splitter

Planetary

E‘ ,')Oﬁ}ﬂgﬁg savelocities inone “'




Planetary Nebula Spectrograph (PN.S)

¢ Cassegrain mount at 4.Z2m WHT  (Douglas et al. 2002)
 |Instrument efficiency = 72%
= total system efficiency = 33%
(~2x general purpose!)
* Field of view = 11.4’ x 10.3’
(50 x 50 kpc in Virgo Cluster)
e Built by Prime Optics, RSAA, ASTRON

[0 W] filtér
(tunable)




slitless spectroscopy

R

L

5" X2 (1 KpCXIOBIRPC) ield in M31 (Merrett et al. 2006)




WHT+PN.S, WYFFOS:
Oct 2002, 2003

9 nights :

2615 PN velocities
over 7 deg?

(Halliday et al. 2006;
Merrett et al. 2006)

o .

Srecetling: o X TSR




PN-based rotation curves |n splrals
- "M33 0

(Ciardullo et al. 2004)

N
o
o

PN circular velocity curves
agree with HI, CO
(modulo asymmetric drift)

8

IIIITT]'ITT]

Rotation Velocity (km/s)

o

Rules out magnetic field

explanation for flat curves
(Battaner & Florido 2005) P —r—r—r—

o HI — Widrow et al 2003

Galactic Radius (kpc)

VIS

vierrett et al. 2Z0UG




Best-studied early-type  , |:
galaxy: ‘
E2/S0 merger remnant
D =4 Mpc

Mg =-20.7

g
£
(3
L
«

<

780 PN velocities with &

AAT, CTIO
(Peng et al. 2004)

ADec

ARA (aremin}




PNe in NGC 3379

E1, Mg=-19.9 (~L")
D =10 Mpc

Leo | central
“ordinary” elliptical,
fast rotator

WHT+PN.S:

186 PN velocities

to8 Ry .
Av = 20 km/s

—
H
E
o
=
o

—
&l
a
2
<)

Douglas et al. (2007)

ARA (aremin)




Extended stellar/PN dlspersmn profiles

' Coccato et al. (2009)
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Stellar + PN data: Jeans models

R (kpc) K (Kpc)
0 5 10 15 20 25 0 5 10 15 20 25

i ——- New-iso | NGC 4494
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T Napolitano et al. (2009a)
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Fourth-order Jeans equations
(p simplifications)

Lower-density halo than ACDM
at 1-0 (03=0.9)




Particle-based models ("made-to-measure”)

Initial conditions

Update the weights

Compute FOC

(Syer & Tremaine 1996; Bissantz et al. 2004;
De Lorenzi et al. 2007, 2008, 2009;
Jourdeuil & Emsellem 2007; Dehnen 2009)

Potential soker
{add pptional DM potential)

A

Similar to orbit models but “live”density
and potential evolve (not separate orbit
library + fitting stages)

du_rz-(t) — cw, (t) y 0S B Z I{j [Zz' (t)]ﬁj (IL)

dt Ow; a(Y;)

J

Spherical, axisymmetric, triaxial versions ~ *  Aj(t) = (y; — Y;)/o(Y;)




Stellar + PN data: particle models

NGC 3379
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Issues in mass estimates from PNe

* Foreground/background contamination
* PN-stellar population link?

NCC 4494

NGC 4697

(4N
o

Y (arcsec)
0
v |mag arcsec™]

o
ul

R [arcsec]

But ‘no systematlc dlfferences

young ,uu' . ¥




Probes of halo kinematics

Planetary nebulae: Globular clusters:

feasible to 25 Mpc « feasible to 40 Mpc
more reliable velocities « larger radius
well-known spatial distribution « disk less likely

not affected.by dust * not affected by dust

contiguous constraints with (Baes & Dejonghe 2001)
central stellar kinematics

less contamination problem

more abundant in fainter
galaxies

dete




Lost & Found:

Gemini Finds “Lost”
Dark Matter in MGE 33??

Follows:“Komanowsky et al. 2005, Sc
o Dekel et al. "'___* Vatl I




NGC 3379 : GCS dispersion profile
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Weakly declining
dispersion:

Gp(R) e RY ’
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Due largely

to different

N(R) , B(r)

(Puzia et al. 2004,
Pierce et al. 2006,
Bergond et al. 2006)
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NGC 3379: HI gas ring

Mass measurement
N3379 + N3384:

M/Lg (100 kpc) = 27 £ 5 1330
(Schneider 1985)

Not consistent with

group-mass halo
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Multiple mass probes in NGC 3379

05 lo8wr (kpe) g

Difficulty harmonizing
both GC, HI constraints

Nearby companion
(NGC 3384) —

halo not in equilibrium?
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Independent mass results in NGC 4697

| | |
T 1 Crude spherical model gives
{1 same results as sophisticatea
1 flattened model!

1 GCs more sensitive than PNe
{1 to halo mass because
1 more radially extended

: Lower—méss DM halo from
1 NMAGIC solutions preferred

B(r) = 0.7 r/ (r+ 6.3 kpc)

1 I 1 L 1 A l 1 L 1 1
5 10

R, [kpc]




Mass from X-rays: NGC 4697
=
T ﬂt




o il I

T

Simulations of “wet” galaxy
mergers naturally produce
declining dispersions
 primarily from radial
anisotropy in halo
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Mass proflle decomp03|t|ons

Simulations including

baryon physics
(Dekel et al. 2005;
Naab et al. 2007;
Ororbe et al. 2007)

Systematic central
dark matter difference
between simulations
and observations
(modeled including
radial anisotropy)

partial stellar M/L
degeneracy as in spirals




Bimodality of early- type gaIaX|es
Fast rotators = E/SOs ? ast rotator (NGC 4660

* optically faint

* low velocity dispersion
* disky isophotes

e rapid rotators

* CUSpPY cores

* low X-ray Ium|n03|ty : _100/100 (Km,s)

( rmend
mselle I
er e

 weak radio sources

Slow rotators = true Es ?
* optically luminous
* high velocity dispersion
* boxy isophotes
* slow rotators
» flat cores
2 ngn AZTAYSUIMINOSILY
L,J [AdAI0SOUrces




Dynamical bimodality of ellipticals

: Simulations

(L

f; L1 | L
| 4 08 08 )/ o0z \ 0.6
Isotropic, € Anisotropic, Early wet Wet/dry pair

(Burkert et al. 2008




Early-type halo velocity dispersions
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Early-type circular velocity profiles

Slow rotators: A B
flat/rising v,

Fast rotators:
declining v,

Romanowsky et al. (2003);
Douglas et al. (2007);

De Lorenzi et al. (2008, 2009);
Napolitano et al. (2009)

vo(r) [km/s]

GC cross-checks 200
support PN results
In most cases




DM trends of early

“concentration” c,;,
parameterizes DM density,

relates to collapse redshift
(Bullock et al. 2001)

systematic
difference:

slow, fast rotators
(opposite

DM, stellar
concentrations)

ACDM prediction is
“forbidden region”!

(Napolitano et al. 2009)

LOWzCgeally=typPesuromni
ong lensingsEb:
n 2001; Borrielloet al. 2003)

-type galaxies
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13
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Dark matter bimodality

Fast/slow rotator dichotomy not explainable via:

* smooth scalings with luminosity

* biasing with formation redshift

- biasing with angular momentum .

» anti-hierarchical/downsizing DM (WDM, etc.?)

» dyamical modeling systematics (geometry/orbit structure)
* selection effects

- alternative gravitational dynamics (MOND, etc.)

» stellar populations modeling systematics

Could be due to:
* baryonic physics (cooling, feedback, merger dynamics, etc.)
e environment s 1OWLOLALC =Y=WelnelNle ralf?

glndf cluzs frarm haly /Jf:lll.m qi.’)lb QQ w,uarﬂss




Baryonic effects on halo concentration
baryonic dissipatioh R N A
produces adiabatic
contraction of halo

— jncreases

central pp),
(Blumenthal et al. 1986;
Gnedin et al. 2004) 200

— slow rotators? =

-

300

baryonic feedback

expands halo ?7
(Mo & Mao 2004)

— spirals, fast rotators? |




Baryonic effects on DM profile

Dark Matter + Baryons

(Abadi et al (Pedrosa et al. 2009)
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DM bimodality from coupled
merger histories + baryonic physics?

Fast rotators from z < 1 quenching and wet mergers
(Faber et al. 2007) with substantial feedback to lower pp),
— lenticulars included, or 3@ family?

Slow rotators from z > 1 quasi-monolithic collapse in
high-overdensity regions with dissipation to raise pp,
(later dry merging also helps):
Blumenthal et al. (1984); Burkert et al. (2008);

but see Kang et al. (2007)
— did all slow rotators form in group-mass halos?

— Why two distinct episodes for early-type galaxy

CIffri=ifiC)f ) 7




Data are improving...
Models are improviag






